Abstract: Considering existing similarities of bones and teeth formation and following mineralization, the aim of the study was to evaluate biochemical bone metabolism markers in growing Polish Merino sheep and their relationships with morphometric, densitometric and mechanical properties of deciduous mandibular teeth and mandible. Blood samples were collected from 28-day and 150-day-old sheep to determine serum concentrations of insulin-like growth factor I (IGF-I), bone-specifi c alkaline phosphatase (BAP), osteocalcin, C-terminal propeptide of type I procollagen (CICP), C-terminal telopeptides of type I collagen (CTX-I) and C-terminal telopeptides of type II collagen (CTX-II). Bone and tooth samples were collected from 150-day-old sheep and were evaluated morphologically, densitometrically and mechanically. Serum concentrations of BAP, OC and CTX-II were significantly lower in 150-day-old sheep when compared to the measurements performed 4 months earlier (P < 0.01). Negative correlation between CTX-I and OC concentrations in 150-day-old sheep was stated (P < 0.05). Majority of the significant correlations between tooth properties and serum biochemical bone metabolism indices were found in 28-day-old sheep indicating more intensive odontogenesis process of deciduous teeth than 4 months later. Positive correlations between morphological and densitometric properties of mandible and serum CICP dominated in 28-day-old sheep, while 4 months later CTX-II was the only one marker positively correlated with morphological, densitometric and mechanical properties of mandible (P < 0.05). Evaluation of bone and cartilage metabolism markers in serum may be utilized in further studies on regulation of dental and skeletal metabolism with environmental, physiological, pharmacological, nutritional and toxicological factors infl uencing mineralized tissue metabolism.
Introduction
Bone tissue, dentine and enamel represent physiologically mineralized tissues in the animal and human body. Dentine and bone are connective tissues showing similarities in terms of chemical composition and formation processes 1) . Organic matrix of bone tissue and dentine is rich in collagen fi bers, mainly type I, and consists of a mineral in the form of hydroxyapatite crystals. Extracellular matrix of bone and dentin serves as the space for deposition of minerals. Dentin mineralization is observed during the transformation of predentin to dentin. Non-collagenous proteins such as dentin-specifi c proteins (phosphoprotein and sialoprotein) and bone matrix proteins (osteocalcin, sialoproteins, glycoproteins, osteopontin, osteonectin) are present in extracellular dentine matrix 2, 3) . Odontoblasts are responsible for synthesis and secretion of the matrix components and show exoand endocytotic activity during primary dentinogenesis. Extracelullar matrix for intertubular dentin is formed in the predentin zone, in which the collagen molecules produced by odontoblasts aggregate to collagen fibrils and further the collagen mesh of dentin. The density of the collagenous network increases toward the mineralization front. Collagen is exocytosed near the odontoblast cell bodies and becomes associated in fibrils undergoing inter-and intramolecular stabilization via cross-links formation 4) . In the time between initial collagen aggregation and mineralization of the extracellular matrix, the composition of the matrix is modified by addition or subtraction of several components before reaching the mineralization front. The formation rate of predentin depends on age and function of tooth and the site in which the cell is situated. During primary dentinogenesis prior to tooth eruption, odontoblasts are very active in secretion while older cells produce predentin at a much slower rate 3, 5) . Enamel is the most calcifi ed and the hardest tissue in mammalian body. The inorganic content in enamel is approximately 95-96%, exceeding mineral content in bone and dentine 6) . Enamel is produced and secreted by ameloblasts serving as electrolyte-transporting epithelial cells. Enamel formation is a multi-step secretory process that features mineralization being an interplay of ameloblast-secreated specific proteins and time-specific transport of minerals, protons and bicarbonate. At the initial secretion stage, ameloblasts form the entire thickness of the enamel layer characterized by relatively low mineral content and rich protein content. After that, the replacement of the degradated enamel matrix protein by tissue fl uid occurs at the transition stage. At the maturation stage, residual organic matrix is replaced by tissue fl uid which is replaced by mineral uptake associated with hydroxyapatite crystal formation and their growth in width and thickness Values are means standard error of the mean. *Statistically signifi cant diff erences for P < 0.05. 8, 11, 12) . Considering similarities of bones and teeth formation and following mineralization, the aim of the study was to evaluate biochemical bone metabolism markers at two diff erent developmental stages in growing sheep and their relationships with morphometric, densitometric and mechanical properties of deciduous mandibular teeth and mandible obtained at 5 months of age.
Materials and Methods
The experimental procedures used in this study were approved by The Local Ethics Committee on Animal Experimentation of Medical University in Lublin, Poland.
Experimental design and sampling procedure
The study was performed on growing Polish Merino ram lambs (N = 7) which were kept from birth indoors in pens under standard rearing conditions up to 5 months of age. Lambs and ewes were provided with drinking water ad libitum and fed a standard diet. During neonatal and postnatal period (up to 10 weeks of life) ram lambs were fed maternal 
Quantitative computed tomography (QCT) of teeth and mandible
Mean volumetric tooth mineral density (MvTMD) and total tooth volume (Tvol) were determined using quantitative computed tomography (QCT) technique and SOMATOM EMOTION SIEMENS apparatus (Siemens, Erlangen, Germany) equipped with Somaris/5 VB10B software (version B10/2004A, Volume Evaluation application package, Siemens, Erlangen, Germany). Mean vTMD was measured for whole tooth sample, including all the anatomical structures and refl ects mean density of all hard tissues in a single tooth. For Tvol and MvTMD determinations, the volume-of-interest was limited between minimum and maximum density of the investigated samples at 0 and 3071 Hounsfield units (HU), respectively. Quantitative computed tomography was also used to determine volumetric bone mineral density (vBMD) of the cortical bone (Cd), mean volumetric bone mineral density (MvBMD) and total bone volume (Bvol) of the whole mandible with teeth (Volume Evaluation application package, Siemens, Erlangen, Germany). Using Osteo CT application package (Software Version B10/2004A), calcium hydroxyapatite (Ca-HA) density of the cortical bone (Cb Ca-HA ) compartment of mandible was determined. Mean volumetric bone mineral density of mandible and Bvol were determined using volume-of-interest (VOI) limited by minimum and maximum density of the investigated samples at 0 and 3071 HU, respectively. The measurements of MvBMD and Bvol were performed for the whole mandible and the results obtained reflect MvBMD measured for all the anatomical structures including teeth. Geometrical properties such as cross-sectional area (A), second moment of inertia (Ix), mean relative wall thickness (MRWT) and cortical index (CI) of mandible were determined on the basis of measurements of horizontal and vertical diameters (both external and internal) of the mid-diastemal cross-sections of the bone (the same measuring scans which were used for densitometric evaluation) obtained from computed tomography multiplanar reconstructions 13) .
Micro computed tomography (μCT) of teeth
Micro computed tomography (micro CT) technique and SkyScan 1174 apparatus (SkyScan n.v., Kontich, Belgium) were used to measure total enamel volume (Evol), volumetric enamel mineral density (vEMD), total dentine volume (Dvol) and volumetric dentine mineral density (vDMD). Images for analysis were obtained at 50kV and 800 μA with a 0.25 mm aluminum filter. The samples were rotated over 180° during the scanning procedure. Reconstruction of the teeth was performed using NRecon 1.6.1.5 software (SkyScan n.v., Kontich, Belgium). An image pixel size corresponded to 21.72 μm. The software enabled three-dimensional (3D) reconstructions of the investigated sample from the stack of two-dimensional sections. For each slice, the enamel and dentine regions were enclosed using a user-defi ned polygon. Binary images were obtained with histogram. Two regions of interest (ROI) were defined for the micro computed tomography images; ROI-1 for enamel and ROI-2 for dentine evaluation. The volume-ofinterest was defined between minimum and maximum density of the investigated samples at -1000 and 3071 HU 14) .
Mechanical analyses of teeth and mandible
Mechanical properties of teeth were determined using Zwick/ Roell Z010 apparatus (Zwick, Ulm, Germany). Incisors and canine (i 1 -i 4 ) were subjected to a three-point bending test and maximum elastic strength (Wy) and ultimate force (ultimate strength,Wf) were determined. The distance between tooth supports was set at 40% of tooth length, and the measuring head loaded the investigated samples on the concave (posterior) surface (50% of tooth length) with constant speed of 10 mm/min. The second premolar tooth (p 2 ) was subjected to a compression test and ultimate force (ultimate strength, Wf) was determined. Tooth sample was placed on the buccal (lateral) surface and the loading head compressed tooth on the lingual (medial) surface with the speed of 20 mm/min 14) . Mechanical parameters such as maximum elastic strength (Wy) and ultimate strength (Wf) of mandible were determined using three-point bending test and an INSTRON 3367 apparatus and Bluehill 2 software (Instron Corp., Canton, USA). .
The measuring head loaded bone sample (left and right halves) on the medial surface at 50% of its length with the constant speed of 50 mm/ min. The distance between bone supports was set at 40% of mandibular halve length 13) .
Biochemical analysis of serum
Blood samples for serum were collected from sheep at the age of 28 and 150 day of life. Blood samples were collected in the morning (Starting at 9:00 AM) to 8 ml tubes containing separation gel (Medlab Products, Raszyn, Poland). Insulin-like growth factor I (IGF-I) was determined in serum using IGF-I ELISA kit (Immunodiagnostic Systems Ltd., Boldon, Tyne & Wear, UK). Serum concentration of bone-specifi c alkaline phosphatase (BAP) was measured using Ostase® BAP EIA immunoenzymometric assay (Immunodiagnostic Systems Ltd., Boldon, Tyne & Wear, UK). Osteocalcin (OC) concentration in serum was measured using N-MID® Osteocalcin ELISA kit (Immunodiagnostic Systems Ltd., Boldon, Tyne & Wear, UK). Serum concentration of C-terminal propeptide of type I procollagen (CICP) was determined using MicroVue CICP EIA Kit Bone Health -an enzyme immunoassay (Quidel Corp., San Diego, CA, USA). C-terminal telopeptides of type I collagen (CTX-I) concentration in serum was assessed using Serum CrossLaps® ELISA kit (Immunodiagnostic Systems Ltd., Boldon, Tyne & Wear, UK). Quantitative determination of C-terminal telopeptides of type II collagen (CTX-II) in serum was performed using Serum Pre-Clinical CartiLaps® ELISA kit (Immunodiagnostic Systems Ltd., Boldon, Tyne & Wear, UK). Results of biochemical evaluation of serum were obtained with the use of Benchmark Plus microplate spectrophotometer supplied with Microplate Manager Software Version 5.2.1 (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Statistical analysis
Statistical analysis of data collected was performed using Statistica software (version 6.0). Data are presented as means SEM. The comparison of mean values of the investigated variables between 28-and 150-day-old sheep was performed using paired Student's t-test for dependent variables. P-value < 0.05 was considered as statistically signifi cant. Pearson's correlation coeffi cient (r) was determined between concentration of bone metabolism markers and all the investigated variables of teeth and mandible and P < 0.05 was considered as statistically signifi cant.
Results
Results of serum concentration of bone metabolism markers in 28-and 150-day-old sheep are presented in Table 1 . Serum concentration of BAP was significantly lower in 150-day-old sheep by 42.3% when compared to the concentration measured in young lambs (P = 0.001). Osteocalcin concentration in serum of 150-day-old sheep was significantly lower by 32.3% when compared to the baseline value in 28-day-old lambs (P < 0.001). C-terminal telopeptides of type II collagen concentration in 5-month-old sheep was significantly lower by 48.3% when compared to the concentration measured in 28-day-old lambs (P < 0.001). Insulin-like growth factor I, CICP and CTX-I were not signifi cantly diff erent between both growth stages (P > 0.05).
The values of Pearson's correlation coefficient between all the investigated parameters of teeth and mandible, and serum concentration of bone metabolism markers in both age animals are shown in Tables  2-7 . Serum concentration of OC and CTX-I was found to be negatively correlated in 5-month-old sheep (r = -0.86; P < 0.05). Insulin-like growth factor I in young lambs was found to be negatively correlated with MvTMD of the first incisor (r = -0.82; P < 0.05). Osteocalcin concentration in young lambs was positively correlated with Wf (r = 0.77; P < 0.05) of the first incisor. Serum concentration of CICP was positively correlated with Dvol and vDMD (P < 0.05) of the fi rst incisor. Positive correlations of CTX-I with Wy and Wf of the first incisor were found in 28-day-old lambs (P < 0.05). Negative correlation between BAP concentration and Wf of the first incisor was found in 150-day-old sheep (r = -0.82; P < 0.05). Negative correlations of IGF-I and MvTMD as well as CTX-I and vEMD of the second incisor were found in 28-day-old lambs (P < 0.05). CTX-I concentration was found to be positively correlated with Wy and Wf of the second incisor in 28-day-old lambs (P < 0.05). Negative correlations between IGF-I and ± Anna Szabelska et al.: Bone Metabolism Markers, Teeth and Jaw in Sheep vDMD as well as CTX-I and tooth length of the second incisor were stated in older sheep (P < 0.05). Moreover, CTX-II was positively correlated with Dvol and vDMD of the second incisor in 150-day-old sheep (P < 0.05). The correlation between BAP and Evol of the third incisor was negative in younger lambs, while CTX-II was positively correlated with this parameter (P < 0.05). C-terminal propeptide of type I procollagen was positively correlated with Dvol in young lambs (r = 0.78; P < 0.05). Positive correlations of CTX-I with Wy and Wf of the third incisor were stated in 28-day-old lambs (P < 0.05). Positive correlation between CTX-II and Dvol of the third incisor was found in 150-day-old sheep (r = 0.80; P < 0.05). Insulin-like growth factor I was negatively correlated with MvTMD of the canine in younger lambs (r = -0.88; P < 0.05), while positive correlation between CTX-II and Evol was found (r = 0.80; P < 0.05). Both IGF-I and BAP concentrations in serum were negatively correlated with Dvol of the canine in older sheep (P < 0.05). Insulin-like growth factor I was negatively correlated with MvTMD and positively correlated with Wf of the second premolar in young lambs (P < 0.05). C-terminal propeptide of type I procollagen in 28-day-old lambs was found to be positively correlated with bone weight, Bvol, Cd, A and Ix of the mandible while negative correlation between CTX-II and Ca-HA of mandible was stated (P < 0.05). Concentration of C-terminal telopeptides of type II collagen was positively correlated with bone weight, bone length, Bvol, Cd, A, Ix and Wf of mandible in older sheep (P < 0.05; Table 7 ).
Discussion
Biochemical bone metabolism markers are products of bone cell activity and reflect bone formation or bone resorption rate. Bone markers evaluation in serum provides an alternative to bone densitometry and biopsy for assessing skeletal response to disease or pharmacological treatment. The concept of biochemical bone metabolism markers evaluation is based on existing correlations of serum or urinary concentrations of these biomarkers with metabolic activity of osteoblasts and osteoclasts 15) . Similarly to bone tissue synthesis and mineralization, hard dental tissue formation results from secretory activity of osteoblasts, odontoblasts, ameloblasts and cementoblasts 1) . Experimental studies have shown interferences between tooth development during odontogenesis course and bone morphogenetic proteins (BMPs), bone sialoproteins, alkaline phosphatase and osteocalcin which were shown to be involved in wild range of signaling functions 16) . However, very little is known on the interrelationships between biochemical bone metabolism markers and morphometric, densitometric and mechanical properties of teeth both in animals and humans.
In this study, evaluation of BAP, OC and CTX-II has shown signifi cant changes in rams between the age of 28 day and 150 day. It was shown that the concentration of bone formation markers such as BAP and OC decreased in 5-month-old sheep by over 42% and 32% respectively when compared the initial measurements. The observed differences may be explained by decreasing skeletal growth and development rate combined with increasing age and less intensive osteoblastic activity in older age. In sheep, the most intensive systemic growth and development is observed during the first 2-4 weeks of life when their body weight increases 2-3 times in comparison to birth weight. As opposed to the first two weeks of life, the last two weeks in 5-month breeding course in lambs are characterized by body weight gain reaching approximately 12-13% 17) . Analogically to very intensive body weight gain, the skeletal growth and bone tissue accumulation rate during the neonatal period must be the most intensive in comparison to all other later stages of sheep growth and development. Thus, the decreasing formation rate of bone tissue in 150-day-old sheep was related to significantly lower osteoblastic activity and lower serum concentration of BAP and OC in serum. It is interesting that serum concentration of the other bone formation marker -CICP did not change within the study course. It may be explained by different origin and function of CICP than BAP and OC. While CICP is cleaved from the collagen molecule by specifi c proteases prior to incorporation into growing collagen fibril, BAP and OC are the products of osteoblast activity 15, 18) . It was shown that elevated CICP levels were stated in diseases associated with high bone turnover rate such as Paget's disease, hyperthyroidism, renal dystrophy and early menopause, while lowered concentration of CICP was found in growth hormone-defi cient children [19] [20] [21] . Bone-specifi c alkaline phosphatase is a tetrameric glycoprotein present on cell membrane of osteoblasts while OC is synthesized by osteoblasts and odontoblasts. The physiological function of BAP is related to bone mineralization process without any potential effects on collagen synthesis 22, 23) . It was shown that BAP activity increases in growth hormone-treated children and positively correlates with the increase of BMD 24) . Osteocalcin is the major noncollagenous protein of bone and dentine matrix and possibly determines extracellular matrix mineralization. It is considered as highly specifi c marker for bone tissue formation due to predominance of osteoblasts over odontoblasts, lack of release from bone during resorption, and its proportional incorporation to bone and release to circulatory system 15, 25, 26) . The observed decreased BAP and OC concentrations in older sheep in the current study are in accordance to the previous studies in children in which serum concentrations of OC and BAP were shown to decrease with advanced age, reaching signifi cantly lower values in 15-18 years old girls and boys than in 1-8 years old 24, 25, 27) . Evaluation of OC, IGF-I and growth hormone in newborn and 90-day-old pigs has shown signifi cantly lowered concentrations of these bone metabolism indices from 22.7-23.8 ng/ml, 82.4-84.6 μg/l and 37.1-39.2 ng/ml to 4.66-4.86 ng/ml, 48.8-49.9 μg/l and 3.04-3.97 ng/ml, respectively. Similarly to humans and sheep, the most intensive systemic growth rate is observed in pigs during the neonatal period 28) . Analogically to the current study, determination of BAP and OC concentration in 21-and 130-day-old Polish Merino sheep has shown their lower concentrations in serum in the older animals 29) . Furthermore, this study has shown that serum CTX-II concentration was significantly lower in older sheep by 48.3% when compared to the initial measurements, while the concentration of CTX-I was not diff erentiated. C-terminal telopeptides of type II collagen in serum originate from the articular cartilage degradation. Type II collagen being the major organic constituent of cartilage undergoes fragmentation to CTX-II and it is released to the bloodstream in response to inflammation due to osteoarthritis, rheumatoid arthritis or other destructive factors [30] [31] [32] . The explanation of the observed lower CTX-II concentration in serum of 5-month-old sheep may be associated with more advanced developmental stage of the articular cartilage and its better functions. Moreover, larger and better developed articular cartilage surface within bone joints may withstand body weight and acting forces much more eff ectively than in case of small size of joints in neonatal lambs.
In this study, determination of Pearson's correlation coefficient values between the investigated tooth properties and the serum concentrations of biochemical bone metabolism indices has shown several significant interrelationships. Except for i 3 , serum IGF-I concentration in 28-day-old lambs was negatively correlated with MvTMD of all the other evaluated teeth in this study. Four months later, IGF-I was also negatively correlated with vDMD of i 2 and Dvol of i 4 . Bone-specifi c alkaline phosphatase concentration was negatively correlated with Evol of i 3 in younger lambs, while four months later negative correlations of BAP with Wf of i 1 and Dvol of i 4 were stated. Osteocalcin concentration has obtained the only one positive correlation with Wy of i 1 at 4 weeks of age. Serum concentration of CICP was only positively correlated with both Dvol and vDMD of i 1 and Dvol of i 3 in young lambs. It is interesting that bone resorption marker -CTX-I was positively correlated in young lambs with both the evaluated mechanical parameters of i 1 -i 3 and has shown negative correlation with vEMD of i 2 . These correlations may indicate an intensive replacement of the organic matrix within hard dental tissues by a calcium-phosphate mineral building hydroxyapatite crystals of the teeth, and contributing later to final mechanical endurance of teeth 7, 8, 11, 12) . Four months later its concentration was negatively correlated with tooth length of i 2 . Similarly to the negative correlation of CTX-I with vEMD in sheep, studies in 6-month-old pigs by Tymczyna and colleagues (2013) have revealed negative correlation between serum CTX-I and tooth mineral content of maxillar i 1 . Moreover, negative correlation between CTX-I and Dvol was stated 1) . Serum concentration of CTX-II in 4-weekold sheep was positively correlated with Evol in i 3 and i 4 . C-terminal telopeptides of type II collagen was positively correlated with Dvol and vDMD of i 2 and Dvol of i 3 in older sheep. Based on the obtained results, it may be postulated that higher number of signifi cant correlations of biochemical bone metabolism indices and tooth properties obtained at earlier stage of the systemic growth and development is associated with more intensive odontogenesis process of deciduous teeth in sheep than 4 months later 33, 34) . It must be mentioned here that in this study, only the completely developed mandibular deciduous teeth (i 1 -i 4 and p 2 ) were evaluated, while the odonotogenesis process has continued at the age of 5 months of life in the remaining deciduous and permanent teeth 35) . Insulin-like growth factor I and BAP were the bone metabolism indices showing only negative correlations with densitometric, morphometric and mechanical properties of teeth, while CICP and CTX-II have shown only positive correlations with densitometric and morphometric parameters of i 1 -i 4 . These results may indicate diff erent role of IGF-I and BAP in odontogenesis process course than in case of bone synthesis, where the concentration of this indices was confi rmed to be positively correlated with the anabolic activity of bone-forming osteoblasts and bone mineral density 25, [36] [37] [38] . The values of maximum elastic strength and ultimate force of teeth has shown only positive correlations with serum concentrations of IGF-I, OC and CTX-I. Regardless of the associations between bone metabolism markers and tooth properties, signifi cant negative correlation between OC and CTX-I concentration in older sheep was found. This negative correlation is not surprising since OC and CTX-I are considered as biochemical markers of two diff erent processes of bone formation and bone resorption 15, 25, 39) . In the current study, positive correlations were also shown between serum CICP concentration in young lambs and mandibular weight, length, volume, volumetric bone mineral density of the cortical bone, cross-sectional area and second moment of inertia, confi rming positive interrelationships between this bone formation marker and final morphological and densitometric parameters of mandible. At the age of 5 months of life, positive correlations of CTX-II with mandibular weight, length, volume, Cd, A, Ix and Wf were stated, indicating possible associations between bone tissue and cartilage tissue metabolic processes 40) . However, these issues need further studies to be better explained, especially when one considers also negative correlation of CTX-II in young lambs with calcium hydroxyapatite density in mandible. Similar studies in half-year pigs have revealed positive correlations between serum OC concentration and mandibular weight, length, volume and bone mineral content. While serum concentration of IGF-I was positively correlated with cortical bone area of mandible, the CTX-I was negatively correlated with this parameter. Similarly to the lack of signifi cant correlations between BAP concentration in 4-weekold and 5-month-old sheep with the evaluated parameters of mandible, studies in pigs have not shown such correlations, neither positive nor negative 41) . In conclusion, this study has shown signifi cantly lower levels of bone formation markers such as BAP and OC in serum in older sheep than in 28-day-old lambs. Serum concentration of the cartilage degradation marker was lower in older animals. Negative correlation between CTX-I and OC concentrations in 150-day-old sheep was also found. Majority of the significant correlations between tooth properties and serum biochemical bone metabolism indices were found in younger lambs indicating more intensive odontogenesis process of deciduous teeth than 4 months later. Positive correlations of CTX-I in young lambs with mechanical properties of i 1 -i 3 and its negative correlation with vEMD of i 2 may indicate an intensive replacement of the organic matrix within hard dental tissues by a hydroxyapatite crystals significantly contributing to mechanical endurance of teeth. Positive correlations between morphological and densitometric properties of mandible and serum CICP dominated in lambs, while 4 months later serum CTX-II was the only one marker positively correlated with morphological, densitometric and mechanical properties of mandible. Evaluation of bone and cartilage metabolism markers in serum may be utilized in further studies on regulation of dental and skeletal metabolism with environmental, physiological, pharmacological, nutritional and toxicological factors infl uencing mineralized tissue metabolism.
